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HIGHLIGHTS 


•  Different  crystal  structure  is  determined  for  GdBaCo205+«5  depending  on  the  oxygen  content. 

•  A  new  superstructure  with  ap  x  3ap  x  2ap  unit  cell  is  observed  for  6  values  close  to  0.33. 

•  A  total  polarization  resistance  of  0.04  Q  cm2  is  achieved  at  650  °C  for  GdBaCo205+(5  prepared  in  Ar. 
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Selected  area  electron  diffraction  (SAED)  and  high  resolution  transmission  electron  microscopy  (HRTEM) 
studies  reveal  that  the  crystal  structure  and  microstructure  of  GdBaCo205+($  are  highly  influenced  by  the 
oxygen  stoichiometry.  In  addition  to  layered-type  ordering  of  the  Ba  and  Gd  atoms  along  the  c-direction 
of  the  structure  and  location  of  anion  vacancies  within  the  (GdO)x  planes  giving  a  ap  x  ap  x  2ap  unit  cell, 
two  different  perovskite  related  superstructures  are  observed.  A  superstructure  with  ap  x  3ap  x  2ap  unit 
cell,  probably  due  to  extra  ordering  of  the  anion  vacancies  within  the  (GdO)x  planes  is  formed  for  d  values 
close  to  0.33  and  a  superstructure  with  V2 ap  x  V2 bp  x  2ap  unit  cell  associated  to  tilting  of  the  Co06 
octahedra  appears  for  the  compound  with  d  values  close  to  1.  Domain  formation  with  perpendicular 
orientations  of  the  unit  cell  occurs  in  crystals  with  orthorhombic  symmetry  of  the  structure.  Physical 
properties  of  the  aforementioned  material,  which  is  well  known  as  a  potential  candidate  of  cathode  for 
intermediate  temperature  solid  oxide  fuel  cells,  are  likely  to  be  strongly  affected  by  its  oxygen  stoichi¬ 
ometry  and  therefore  by  its  crystal  structure  and  microstructure. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

There  is  a  growing  interest  in  the  study  of  perovskites  of  general 
formula  A1_xA^M1_ylVI^03_5  (A  =  lanthanide  atom,  A'  =  alkali  earth 
atom  and  M,  M'  =  transition  metal  atom)  as  electrodes  in  solid 
oxide  fuel  cells  (SOFCs)  [1,2].  In  particular,  A-site  ordered  cobaltites 
AAC0205+5,  also  called  layered-type  perovskites,  are  promising 
candidates  as  cathodes  for  intermediate  temperature  solid  oxide 
fuel  cells  (IT-SOFCs)  due  to  their  excellent  electronic  and  ionic 
conductivity  [3-7].  The  high  oxygen  mobility  in  these  perovskites 
seems  to  be  related  to  the  A-cation  ordering  [8,9]. 

GdBaCo205+(5  is  a  layered-type  perovskite.  It  shows  a  wide  range 
of  oxygen  non-stoichiometry  and  its  attractive  physical  and 
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structural  properties  depend  on  the  oxygen  content.  The  oxygen 
content  and  therefore  the  crystal  structure  and  properties  of  this 
oxide  depend  on  the  synthesis  conditions.  In  this  sense, 
GdBaCo205+«5  with  d  values  close  to  0  has  been  prepared  in  Ar  at¬ 
mosphere  and  <5  values  higher  than  0.4  are  always  determined  for 
samples  prepared  in  air  with  a  slow  cooling  or  annealed  in  oxygen 
flow.  The  crystal  structure  of  GdBaCo20s+5  derives  from  the  112- 
type  structure  with  ap  x  ap  x  2ap  unit  cell  (ap  refers  to  the  lattice 
parameter  of  the  cubic  perovskite)  [10].  In  this  structure  with  5  =  0, 
Gd  and  Ba  are  ordered  into  layers  along  the  c  axis  and  all  the  Co 
atoms  are  coordinated  by  O  in  squared  pyramids.  The  oxygen  non¬ 
stoichiometry  is  accommodated  within  the  (GdO)x  planes  in  such  a 
way  that  different  supercells  have  been  proposed  in  the  literature 
depending  on  the  oxygen  content  and  the  ordering  of  the  anion 
vacancies  (or  the  oxygen  anions)  in  those  planes  [11-15].  GdBa- 
C02O5.5  has  a  122-type  structure  (ap  x  2ap  x  2ap  unit  cell)  due  to 
extra  ordering  of  the  oxygen  anions  in  the  (GdO)x  planes  [13,14]. 
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This  122-type  structure  has  been  proposed  for  all  the  GdBaCo205+<5 
oxides  with  5  >  0.4  [11-15].  Besides,  a  crystal  structure  with 
3ap  x  3ap  x  2ap  unit  cell  has  recently  been  reported  for  a 
GdBaCo205+<5  single  crystal  with  <5  ~  0.38  [16].  Magnetic  and 
electric  properties  of  GdBaCo20s+(5  are  also  highly  sensitive  to  the 
oxygen  non-stoichiometry  11,15]. 

The  electrochemical  behaviour  of  GdBaQ^Os+a  for  IT-SOFC  ap¬ 
plications  was  reported  for  the  first  time  in  2006  [3  .  This  oxide  was 
studied  as  cathode  material  in  a  symmetrical  cell  configuration 
using  Ceo.8Gdo.202-<5  as  electrolyte,  obtaining  area-specific  resis¬ 
tance  (ASR)  as  low  as  0.53  Q  cm2  at  645  °C.  Optimization  of  the 
preparation  of  the  cells  improves  the  electrochemical  performance, 
decreasing  the  ASR  down  to  values  of  ~0.3  Q  cm2  at  650  °C  and 
therefore  corroborating  that  this  material  might  be  an  excellent 
cathode  for  IT-SOFCs  [4].  However,  poor  long-term  stability  of  this 
cathode  material  when  exposing  to  ambient  air,  in  particular  re¬ 
action  with  CO2  like  those  reported  in  other  Ba-containing  IT-SOFC 
cathode  materials,  [17,18]  may  be  a  potential  drawback  to  over¬ 
come.  On  the  contrary,  studies  about  GBCO  in  different  CO2  atmo¬ 
spheres  indicate  that  this  compound  does  not  suffer  phase 
degradation  in  atmospheres  with  CO2  concentration  lower  than 
600  ppm,  and  operation  temperatures  between  500  and  700  °C 
[19]. 

The  crystal  structure  of  GdBaCo20s+5,  in  particular  the  (GdO)x 
planes,  has  a  significant  influence  on  its  ion  conducting  properties. 
Molecular  Dynamics  studies  indicate  that  oxygen  diffusion  occurs 
only  in  the  (GdO)x  planes  and  cation  disorder  of  the  Gd/Ba  sub¬ 
lattice  results  in  a  reduction  of  the  oxygen  diffusion  and  the 
appearance  of  diffusion  also  along  the  c  axis  of  the  structure  [20]. 
These  results  are  in  agreement  with  those  reported  by  Taskin  et  al., 
[8,9]  which  suggest  that  oxygen  diffusion  is  significantly  higher  in 
layered-type  perovskites  in  comparison  with  the  corresponding 
cation  disordered  oxides.  In  fact,  recent  experimental  results 
confirm  oxygen  anisotropy  diffusion  in  PrBaCo205+«5  [21  ].  Ordering 
of  the  anion  vacancies  within  the  (GdO)x  planes,  in  combination 
with  the  oxygen  non-stoichiometry  must  affect  the  oxygen  diffu¬ 
sion  properties  in  this  material  and  therefore  its  capability  as 
cathode  in  SOFCs.  In  this  context,  we  present  in  this  paper  a  new 
contribution  to  the  general  understanding  of  the  relations  between 
oxygen  non-stoichiometry,  crystal  structure  and  electrical  and 
electrochemical  properties  of  GdBaCo20s+5.  We  have  found  that  the 
synthesis  conditions  for  preparing  this  material  have  a  great  impact 
not  only  on  its  oxygen  content  and  crystal  structure  but  also  in  its 
electrical  and  electrochemical  behaviour  as  cathode  in  SOFCs. 

2.  Experimental 

GdBaCo205+«5  (GBCO)  has  been  prepared  by  solid  state  reaction 
using  Gd203  (Sigma  Aldrich,  99.99%),  BaC03  (Sigma  Aldrich, 
99.99%)  and  C02O3  (Sigma  Aldrich,  99.99%).  Gd203  was  heated  at 
900  °C  prior  to  weighing.  Stoichiometric  amounts  of  the  starting 
compounds  were  ground  together  and  heated  at  1000  °C  for 
12  h  for  decarbonation  in  air  or  under  a  gas  flow  of  Argon 
(purity  >  99.999).  Afterwards,  the  samples  were  again  grounded, 
pelleted  and  then  fired  at  1200  °C  in  air  or  under  Ar  atmosphere. 
Samples  prepared  in  Ar  were  slowly  cooled  in  the  furnace  at 
2  °C  min-1,  whereas  samples  prepared  in  air  were  either  slowly 
cooled  in  the  furnace  at  2  °C  min-1  or  quenched  to  room  temper¬ 
ature  on  a  brass  plate. 

Oxygen  content  of  the  samples  has  been  determined  by  redox 
titration  using  K2G2O7  [22]  and  thermogravimetric  analysis  (TGA) 
at  900  °C  under  N2  +  H2  (%  H2  <  5.7%)  gas  flow  in  an  SDT  Q600 
thermogravimetric  analyser.  The  extent  of  the  decomposition  was 
checked  by  XRD.  After  reduction  of  the  samples,  only  Gd203,  BaO 
and  Co  were  detected  in  the  PXRD  patterns.  TGA  have  also  been 


carried  out  in  air  and  in  oxygen  to  evaluate  oxygen  stoichiometry 
stability  of  the  samples  from  25  °C  to  900  °C. 

Crystalline  phase  identification  was  carried  out  by  powder  X-ray 
diffraction  (PXRD)  using  a  PANalytical  X’PERT  PRO  MPD  diffrac¬ 
tometer  with  Cu  Kocl  radiation  and  X’PERT  PEAPD  software.  The 
patterns  were  taken  at  step  mode  with  a  step  size  equal  to  0.02  (26 
degrees)  and  time  per  step  equal  to  10  s. 

Selected  area  electron  diffraction  (SAED)  and  high  resolution 
transmission  electron  microscopy  (HRTEM)  studies  have  been 
performed  with  a  JEOLJEM  3000F  microscope  operating  at  300  kV 
(double  tilt  (±20°)  (point  resolution  1.7  A)),  fitted  with  an  XEDS 
microanalysis  system  (OXFORD  INCA).  The  atomic  ratio  of  the 
metals  has  been  determined  by  X-ray  energy  dispersive  spectros¬ 
copy  (XEDS)  analyses  finding  good  agreement  between  analytical 
and  nominal  composition  in  all  the  crystals.  For  transmission 
electron  microscopy  the  samples  were  ground  in  n-butyl  alcohol 
and  ultrasonically  dispersed.  A  few  drops  of  the  resulting  suspen¬ 
sion  were  deposited  in  a  carbon-coated  grid. 

Total  electrical  conductivity  of  dense  samples  was  determined 
by  a  d.c.  four-probe  method  in  air,  O2  and  N2  atmospheres.  For  this 
purpose  two  Pt  wires  were  attached  with  Au  paste  (Heraeus  C5754) 
to  the  external  surfaces  of  rectangular  bars  in  order  to  produce 
a  homogeneous  current  flux  through  the  sample  by  means  of  a 
potentiostat/galvanostat  equipment  in  galvanostatic  mode  (Auto¬ 
lab  PGSTAT302N).  Another  pair  of  Pt  wires  was  internally  attached 
to  the  sample  to  record  the  voltage  drop  associated  to  the  volu¬ 
metric  resistance  between  the  inner  wires.  Samples  were  equili¬ 
brated  at  950  °C  for  12  h  in  the  corresponding  atmosphere  before 
the  electrical  study  was  performed  by  decreasing  temperature  from 
950  to  200  °C  with  a  cooling  rate  of  5  °C  min-1  in  steps  of  50  °C. 
Experimental  resistances  were  obtained  by  the  slope  of  V—I  curve 
in  the  current  range  of  50-500  mA. 

Area  specific  resistance  (ASR)  associated  to  the  electrode 
polarisation  process  at  different  temperatures  has  been  determined 
by  AC  impedance  spectroscopy  on  symmetrical  two-electrode  cells. 
The  impedance  measurements  were  carried  out  using  a  frequency 
response  analyzer  Solartron  1255A  with  a  dielectric  interface  1296. 
Measurements  were  performed  in  air  on  heating  and  cooling  cycles 
between  500  °C  and  700  °C,  in  a  frequency  range  of  0.1  Hz-1  MHz 
and  an  excitation  voltage  of  50  mV.  Electrolyte  pellets  of  10  mm 
diameter  and  1.2  mm  thickness  of  commercial  Ce0.gGdo.i02_5  (CGO) 
powder  (Fuel  Cells  Materials)  were  prepared  by  pressing  the 
powder  at  250  MPa  and  sintering  in  air  at  1400  °C  for  12  h.  A  slurry 
prepared  by  GdBaCo20s+(5:CGO  composites  (70:30  wt  %)  with  a 
commercial  organic  vehicle  (Decoflux™)  was  deposited  onto  both 
surfaces  of  the  CGO  electrolyte  and  then  fired  at  900  °C  for  3  h  in  air 
(heating/cooling  rate  of  2.5  °C  min-1).  Silver  paste  and  mesh  were 
used  as  current  collectors  on  both  sides  of  the  pellets.  The  imped¬ 
ance  spectra  were  fitted  to  equivalent  circuits  using  the  Zview 
software  23]. 

3.  Results  and  discussion 

Fig.  la  shows  the  PXRD  patterns  at  room  temperature  of 
GdBaCo205+«5  samples  prepared  under  different  conditions:  in  air 
with  slow  cooling  (GBCO  Air-SC),  in  air  and  quenched  to  room 
temperature  (GBCO-Air-Q)  and  in  Ar  flow  with  slow  cooling  (GBCO- 
Ar).  Single  phase  materials  were  obtained  in  all  cases.  The  patterns 
are  characteristic  of  layered-type  perovskite  showing  reflections 
associated  to  the  cubic  perovskite  structure  (p  refers  to  cubic 
perovskite)  and  extra  reflections  related  to  lowering  of  symmetry 
and  ordering  of  the  Ba  and  Gd  cations.  Significant  differences  are 
observed  in  the  patterns  in  such  a  way  that  the  PXRD  patterns  of 
the  GBCO-Air-Q  and  GBCO-Ar  samples  can  be  indexed  using  a 
tetragonal  unit  cell  ap  x  ap  x  2ap  and  the  patterns  of  the  GBCO-Air- 
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Fig.  1.  (a)  PXRD  patterns  of  GBCO-Air-SC,  GBCO-Air-Qand  GBCO-Ar  at  room  temperature.  Reflections  of  cubic  perovskite  structure  are  indicated  by  the  corresponding  Miller  Indices. 
Extra  reflections  related  to  lowering  of  symmetry  and  ordering  of  the  Ba  and  Gd  cations  are  marked  by  asterisks,  (b)  PXRD  patterns  of  GBCO-Air-SC,  GBCO-Air-Qand  GBCO-Ar  after 
the  first  heating-cooling  cycle. 


SC  using  an  orthorhombic  ap  x  2 bp  x  2ap  one,  as  it  is  deduced  from 
splitting  of  some  reflections. 

Table  1  shows  the  oxygen  content  of  the  three  GdBaCo205+<5 
compounds  determined  by  redox  titration  and  by  TGA.  Oxygen 
contents  with  d  <  0.5  are  obtained  if  the  material  is  prepared  in  Ar 
or  in  air  with  quenching  to  room  temperature.  On  the  contrary, 
d  >  0.5  values  are  obtained  if  the  samples  are  prepared  in  air  with 
slow  cooling. 

Figs.  2-4  show  SAED  patterns  along  different  zone  axes  of 
crystals  of  GBCO  prepared  under  different  conditions.  The  patterns 
have  been  indexed  according  to  the  cubic  perovskite  structure. 
There  are  clear  differences  in  the  SAED  patterns  related  to  differ¬ 
ences  in  the  crystal  structure  of  the  GdBaCo205+<5.  The  patterns  of 
the  sample  prepared  in  Ar  (Fig.  2a— d)  show  the  reflections  char¬ 
acteristic  of  the  perovskite  structure  and  extra  reflections  at 
Gp  ±  1/2(001)*  associated  to  the  layered-type  ordering  of  Ba  and 
Gd  along  the  [001  ]p  direction,  as  expected.  The  unit  cell  of  the 
crystal  structure,  deduced  from  these  SAED  patterns,  is 
ap  x  ap  x  2ap,  in  agreement  with  the  XRD  results.  When  the  ma¬ 
terial  is  prepared  in  air  with  slow  cooling,  the  pattern  along  the 
[010]p  zone  axis  (Fig.  3a)  also  shows  the  reflections  at 
Gp  ±  1/2(001)*  due  to  the  Ba/Gd  ordering  and  reflections  at 
Gp  ±  1  /2(010)p,  which  could  indicate  doubling  of  at  least  two  of  the 
main  lattice  parameters  (ap)  of  the  crystal  structure.  In  addition  to 
them,  the  patterns  in  Fig.  3  show  V^(oeo)p  reflections  associated  to 
in-phase  tilting  of  the  octahedral  network  [24].  This  is  in  good 
agreement  with  the  oxygen  content  of  the  compound  (<5  values 
close  to  1 ),  which  indicates  that  the  Co  atoms  are  mainly  in  octa¬ 
hedral  coordination,  in  contrast  to  what  occurs  in  the  compounds 
with  oxygen  contents  with  <5  <  0.5,  in  which  the  Co  atoms  are 
mainly  in  squared-pyramid  coordination.  Tilting  of  the  M06  octa- 
hedra  for  optimizing  the  A— O  bond  distances  is  one  of  the  main 
distortions  occurring  in  perovskite-type  oxides.  The  patterns  of  the 
sample  prepared  in  air  with  quenching  to  room  temperature 
(Fig.  4a— c)  show  reflections  at  Gp  ±  1/2(001)*  associated  to  the 
layered-type  ordering  of  Ba  and  Gd  along  the  [001  ]p  direction  and 


Table  1 

Oxygen  contents  of  GdBaCo205+(5  samples. 


Sample 

Redox  titration 

TGA 

GBCO-Air-SC 

5.8(1) 

5.85 

GBCO-Air-Q 

5.3(1) 

5.39 

GBCO-Argon 

5.4(1) 

5.45 

extra  reflections  at  Gp  ±  1  /3(010)*  characteristic  of  a  modulation  of 
the  crystal  structure  along  the  [010]p  direction.  This  modulation  of 
the  crystal  structure  is  probably  associated  to  ordering  of  the  anion 
vacancies  within  the  (GdO)x  planes  leading  to  a  crystal  structure 
with  ap  x  3ap  x  2ap  unit  cell.  However,  some  crystals  of  this  sample 
also  show  reflections  at  Gp  ±  1  /3(100)*  (see  the  pattern  in  Fig.  4c) 
indicating  the  possibility  of  a  new  cell  of  dimensions 
3ap  x  3ap  x  2ap.  Similar  SAED  patterns  have  previously  been  re¬ 
ported  for  HoBaCo205.3  [11]. 

HRTEM  images  give  us  complementary  information  of  the  local 
crystal  structure.  Fig.  2e  shows  the  HRTEM  image  along  the  [-110 ]p 
zone  axis  of  a  crystal  of  GBCO-Ar.  Contrast  differences  in  agreement 
with  a  2ap  periodicity  along  the  [001  ]p  direction  are  observed  in  the 
image.  However,  the  HRTEM  image  of  the  crystal  of  GBCO-Air-SC 
along  the  [010]p  zone  axis  (Fig.  3c)  shows  contrast  differences 
indicating  a  2ap  periodicity  along  two  perpendicular  directions. 
Therefore,  the  structure  has  a  V2 ap  x  V2 bp  x  2ap  unit  cell  and  the 
crystals  are  formed  by  domains  of  this  cell  oriented  along 
perpendicular  directions.  Domain  formation  due  to  different 
orientation  of  the  unit  cell  is  very  common  in  oxides  with  perov¬ 
skite  structure  with  tilting  of  the  octahedral  network  [25,26]  and  it 
has  previously  been  observed  in  GdBaCo205.4  [11]  but  despite  this 
fact,  an  ap  x  2ap  x  2ap  unit  cell  was  ascribed  to  the  crystal  structure 
of  this  compound.  In  the  HRTEM  image  of  the  crystal  of  the  sample 
GBCO-Air-Q  along  the  [001  ]p  zone  axis  (Fig.  4d),  contrast  differ¬ 
ences  indicating  a  3ap  periodicity  are  clearly  seen.  Nano-domain 
formation  in  the  crystal  is  also  observed  in  this  image,  which 
shows  the  3ap  periodicity  along  two  perpendicular  directions  in 
very  small  areas  of  the  crystal.  Therefore,  the  crystal  structure  of 
this  compound  has  an  ap  x  3ap  x  2ap  unit  cell  due  to  layered-type 
ordering  of  the  Ba  and  Gd  atoms  and  probably  ordering  of  the  anion 
vacancies  within  the  (GdO)*  planes  in  nano-domains.  Fig.  4e  dis¬ 
plays  a  crystal  structure  representation  for  GdBaCo20s.33  in 
agreement  with  this  ordering  model.  A  unit  cell  of  dimensions 
ap  x  3ap  x  2ap  agrees  with  an  oxygen  stoichiometry  corresponding 
to  <5  =  0.33,  very  close  to  the  5  value  that  we  obtained  in  the  sample 
prepared  in  air  and  quenched  to  room  temperature  (Table  1). 
However,  an  ordering  corresponding  to  a  3ap  x  3ap  x  2ap  unit  cell, 
as  it  was  reported  for  HoBaCo205.3  [11],  implies  a  theoretical 
5  =  0.11. 

Two  structural  phase  transitions  (at  about  80  °C  and  450  °C)  in 
combination  with  variations  of  the  oxygen  content  have  been  re¬ 
ported  for  GdBaCo205+(5  synthesized  in  air  with  a  slow  cooling 
[27,28].  Therefore,  the  material  could  suffer  modifications  in  both 
the  oxygen  content  and  the  structure  during  electrical  and 


D.  Munoz-Gil  et  al.  /  Journal  of  Power  Sources  263  (2014)  90-97 


93 


Fig.  2.  SAED  patterns  of  a  crystal  of  GBCO-Ar  along  the  [010]p  (a),  [001  ]p  (b),  [—111  ]p  (c)  and  [— 110]p  (d)  zone  axes,  (e)  HRTEM  image  of  a  crystal  of  GBCO-Ar  along  the  [— 110]p  zone 
axis. 


Fig.  3.  SAED  patterns  of  a  crystal  of  GBCO-Air-SC  along  the  (a)  [010]p  and  (b)  [—111  ]p  zone  axes,  (c)  HRTEM  image  of  a  crystal  of  GBCO-Air-SC  along  the  [010]p  zone  axis. 
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Fig.  4.  SAED  patterns  of  a  crystal  of  GBCO-Air-Q.  along  the  [001  ]p  (a)  and  [100]p  (b)  zone  axes;  SAED  pattern  (c)  and  HRTEM  image  (d)  of  a  crystal  of  GBCO-Air-Q.  along  the  [001], 
zone  axis  with  domain  formation,  (e)  Drawing  of  the  crystal  structure  of  GdBaCo205.33  with  ap  x  3ap  x  2ap  unit  cell  along  the  [100]p  zone  axis. 
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electrochemical  measurements,  which  are  performed  on  heating 
and  cooling  rates,  and  even  after  deposition  of  the  slurry  of 
GdBaCo205+«5:CGO  composites  on  the  surfaces  of  the  CGO  electro¬ 
lyte  because  the  cell  is  fired  at  900  °C  for  3  h  in  air  and  slowly 
cooled.  With  the  aim  of  evaluating  these  possible  modifications  of 
the  samples  during  the  measurements,  we  have  carried  out  ther- 
mogravimetric  analysis,  and  PXRD,  SAED  and  HRTEM  after  one 
heating  and  cooling  cycle  from  room  temperature  to  900  °C  of  the 
three  different  samples. 

Fig.  5  shows  thermogravimetric  curves  of  the  three  samples. 
Variation  of  the  oxygen  content  with  temperature  of  the  com¬ 
pounds  is  also  indicated  in  the  graphic  representation  taking  as 
initial  content  the  one  obtained  by  titration.  The  mass  increase  at 
200-400  °C  upon  heating  the  samples  in  air  is  mainly  ascribed  to 
oxidation  of  the  compounds  because  similar  results  were  obtained 


Fig.  5.  Thermogravimetric  curves  in  ambient  air  for  (a)  GBCO-Air-SC,  (b)  GBCO-Air-Q. 
and  (c)  GBCO-Ar.  Heating  and  cooling  cycles  are  indicated  by  arrows. 


when  the  TGA  were  performed  under  oxygen  flow.  The  oxygen 
content  of  GBCO-Air-SC  and  GBCO-Ar  slightly  increases  from  room 
temperature  up  to  about  400  °C.  On  the  contrary,  GBCO-Air-Q 
shows  a  significant  oxygen  uptake  in  this  temperature  range. 
Above  400  °C,  the  three  samples  have  oxygen  loss  and  on  cooling 
they  oxidized.  The  sample  prepared  in  Ar  remains  with  low  oxygen 
contents  {5  <  0.5  values)  within  a  heating-cooling  cycle  while  the 
sample  prepared  in  air  with  slow  cooling  always  have  oxygen 
contents  with  5  >  0.5  values.  On  the  contrary,  the  GBCO-Air-Q 
sample  suffers  big  changes  on  the  oxygen  content  during  the  first 
heating-cooling  cycle.  PXRD  patterns  of  the  samples  after  the  first 
heating-cooling  cycle  (Fig.  lb)  indicate  that  the  GBCO-Air-SC  and 
the  GBCO-Ar  do  not  modify  their  crystal  structure.  However, 
splitting  of  reflections  is  clearly  observed  in  the  pattern  of  the 
GBCO-Air-Q  sample  after  the  first  heating-cooling  cycle  in  com¬ 
parison  with  the  pattern  of  this  sample  as  prepared.  SAED  and 
HRTEM  results  also  show  modifications  of  the  crystal  structure  of 
the  GBCO-Air-Q  sample  after  the  first  heating-cooling  cycle  (Fig.  6). 
The  pattern  along  the  [010]p  zone  axis  shows  the  reflections  at  Gp  ± 
1/2 (001  )*  due  to  the  Ba/Gd  ordering  and  reflections  at 
Gp  ±  l/2(010)p;  the  corresponding  HRTEM  image  of  the  crystal 
shows  contrast  differences  indicating  a  2ap  periodicity  along  two 
perpendicular  directions  and  therefore  the  crystal  is  formed  by 
domains  with  the  Ba/Gd  ordering  perpendicularly  oriented.  How¬ 
ever,  reflections  associated  to  tilting  of  the  octahedral  network  are 
not  observed  in  the  patterns,  indicating  a  structure  with 
ap  x  bp  x  2ap  unit  cell  and  with  values  of  the  a  and  b  lattice  pa¬ 
rameters  very  similar.  On  the  contrary,  a  and  b  lattice  parameters 
are  significantly  different  in  the  compound  prepared  in  air  with 
slow  cooling.  Therefore,  it  seems  that  there  are  two  possible 
orthorhombic  crystal  structures  for  GdBaCo20s+5  with  5  >  0.5:  one 
is  pseudo-tetragonal  with  ap  x  bp  x  2ap  unit  cell  and  the  other  one 
with  V2ap  x  V2hp  x  2ap  unit  cell  due  to  tilting  of  the  octahedra- 
network  in  addition  to  the  Ba/Gd  ordering  for  d  values  close  to  1. 
It  is  worth  mentioning  that  the  pseudo-tetragonal  unit  cell  is 
also  observed  in  few  crystals  of  the  GBCO-Air-SC  sample  as 
prepared  probably  due  to  slight  differences  on  the  oxygen 
content  of  the  crystals.  In  fact,  the  PXRD  patterns  in  Fig.  la  can  be 
indexed  as  a  phase  mixture  of  crystals  with  different  structure 
-^/2qp  x  V2bp  x  2flp  and  qp  x  bp  x  2op. 

Fig.  7  shows  the  electrical  conductivity  of  GBCO-Ar  as  a  function 
of  temperature  in  different  atmospheres.  A  similar  trend  was  ob¬ 
tained  for  all  the  samples,  with  the  conductivity  increasing  with  the 
oxidising  character  of  the  gas.  This  behaviour  corresponds  to  p-type 
electronic  conduction,  in  which  the  creation  of  holes  is  favoured  by 
the  higher  oxygen  partial  pressure  as  follows: 

^  02  +  Vq  <-►  Oq  +  2h’  (1) 

The  results  obtained  in  N2  show  typical  semiconductor 
behaviour  in  the  whole  range  of  temperature.  The  conductivity 
increasing  with  temperature  due  to  the  higher  mobility  of  holes 
and  with  an  activation  energy  of  about  Ea  —  0.08  eV.  A  different 
behaviour  is  observed  for  samples  measured  under  air  and  O2 
atmospheres.  In  the  lower  range  of  temperature,  the  results  also 
reveal  semiconductor  behaviour  with  values  of  activation  energies 
as  low  as  -0.02  and  -0.03  eV  for  O2  and  air  atmospheres, 
respectively.  However,  for  temperatures  higher  than  400  °C,  the 
conductivity  decreases  with  increasing  the  temperature,  in 
agreement  with  some  results  previously  reported  in  the  literature 
for  GdBaCo205+<5  [27,29,30].  This  trend  can  be  ascribed  to  a 
decrease  of  p-type  carriers  when  increasing  the  temperature  due 
to  oxygen  loss.  Note  that  according  to  electroneutrality  conditions 
in  Eq.  (1),  an  increase  in  the  concentration  of  oxygen  vacancies 
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Fig.  6.  SAED  pattern  and  HRTEM  image  along  the  [001  ]p  zone  axis  of  a  crystal  of  GBCO- 
Air-Q.  after  the  first  heating/cooling  cycle. 


([Vo])  should  be  followed  by  a  decrease  in  the  concentration  of 
holes  ( [h*]). 

Fig.  8  shows  a  comparison  of  the  temperature  dependence  of 
conductivity  in  air  for  samples  prepared  under  different  conditions 
(GBCO-SC  and  GBCO-Ar).  Although  both  samples  have  the  same 
conductivity  behaviour  as  a  function  of  temperature,  GBCO-SC 
shows  a  significant  higher  conductivity  than  GBCO-Ar,  which 
should  be  ascribed  to  a  higher  oxygen  content  (lower  concentration 
of  oxygen  vacancies)  in  the  whole  range  of  temperature  and 
therefore  to  a  higher  concentration  of  p-type  carriers  in  order  to 
retain  the  electroneutrality. 

Fig.  9a  shows  complex  impedance  diagrams  of  cells  based  on 
GBCO-Air-SC  and  GBCO-Ar  as  electrode  materials  recorded  in  air  at 
550  °C.  Fig.  9b  shows,  as  example,  the  complex  impedance  diagram 
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Fig.  7.  Arrhenius  representation  of  total  conductivity  for  GBCO-Ar  measured  in  N2,  air 
and  02  atmospheres. 
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Fig.  8.  Temperature  dependence  of  conductivity  for  GBCO-Air-SC  and  GBCO-Ar  sam¬ 
ples  in  air. 


of  the  cell  corresponding  to  GBCO-Ar  at  550  °C  fitted  using  the 
equivalent  circuit  indicated  in  the  inset,  in  which  the  electrode 
process  displays  two  major  contributions,  at  intermediate  and  low 
frequencies.  In  order  to  separate  the  different  contributions,  the 
impedance  spectra  have  been  fitted  to  a  series  circuit,  based  on  an 
inductance  (L)  caused  by  the  electrochemical  setup,  an  ohmic 
resistance,  (Rs)  mainly,  associated  to  the  total  ion  transport  in  the 
electrolyte  and  two  parallel  RQ  circuits  associated  to  processes  at 
the  electrolyte-electrode  interface  and  at  the  electrode  surface, 


Fig.  9.  (a)  Impedance  spectra  for  the  symmetrical  cells  of  GBCO/CGO  at  550  °C  in  air. 
Open  and  closed  circles  correspond  to  GBCO-Air-SC  and  GBCO-Ar  respectively.  The 
impedance  spectra  have  been  shifted  to  x-axis  origin  for  comparison,  (b)  Impedance 
spectrum  for  GBCO-Ar  fitted  by  the  equivalent  circuit  represented  in  the  inset.  The 
solid  line  is  the  fitting  result  using  the  equivalent  circuit. 
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Fig.  10.  Arrhenius  plot  of  the  area-specific  resistance  (ASR)  values,  obtained  from  the 
impedance  spectra  of  the  GBCO/CGO  symmetrical  cells. 
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tetragonal  ap  x  ap  x  2ap  unit  cell  is  observed  for  the  materials  with 
oxygen  contents  corresponding  to  5  <  0.5  values  and  orthorhombic 
crystal  structure  is  observed  for  the  materials  with  oxygen  contents 
with  5  >  0.5  values.  However,  there  are  two  different  orthorhombic 
structures,  one  is  pseudotetragonal  with  ap  x  bp  x  2ap  unit  cell  and 
the  other  one  with  V2ap  x  J2bp  x  2ap  unit  cell  for  the  compound 
with  the  highest  oxygen  content  and  tilting  of  the  C0O6  octahedra. 
Formation  of  domains  of  the  unit  cell  oriented  in  perpendicular 
directions  is  characteristic  of  the  crystals  with  orthorhombic 
structure.  A  meta-stable  superstructure  with  ap  x  3ap  x  2ap  unit 
cell,  probably  due  to  extra  ordering  of  the  anion  vacancies  within 
the  (GdO)x  planes  is  formed  for  d  values  close  to  0.33. 

Both  oxygen  stoichiometry  and  crystal  structure  have  a  high 
impact  on  the  physical  properties  of  the  material.  In  particular, 
significantly  better  electrochemical  properties  (lower  ASR  values), 
which  depend  on  the  electrical  properties,  are  observed  for  the 
material  prepared  under  Ar  gas  flow.  This  fact  could  be  related  to 
the  ion  conducting  properties  of  the  compound  and  hence,  the 
sample  prepared  in  Ar  could  have  higher  ion  conductivity  than  the 
samples  prepared  in  air  due  to  the  higher  anion  vacancies  content. 
Even  the  domain  formations  could  influence  in  some  way  on  the 
electrochemical  properties  of  the  material. 
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taking  place  at  intermediate  and  low  frequencies  respectively 
[31,32].  In  both  cases,  Fig.  9a  and  b,  the  impedance  spectra  have 
been  corrected  for  the  electrode  area  and  divided  by  2,  given  the 
use  of  the  symmetrical  cells.  In  Fig.  9a,  the  impedance  spectra  have 
been  shifted  to  x-axis  origin  for  better  comparison  between  GBCO- 
Air-SC  and  GBCO-Ar. 

Area  Specific  Resistance  values  associated  to  the  overall  elec¬ 
trode  polarization  processes  of  GBCO-Ar  and  GBCO-Air-SC  over 
CGO  electrolytes  are  shown  in  Fig.  10  as  functions  of  temperature. 
The  ASR  values  have  been  determined  from  raw  impedance  spectra 
taking  into  the  account  the  high  and  low-frequency  x-axis  in¬ 
tercepts.  Similar  ASR  values  are  obtained  on  both  heating  and 
cooling  cycles.  The  electrode  performance  is  better  for  symmetric 
cells  with  GdBaCo205+(5  prepared  in  Argon  atmosphere  as  electrode 
in  the  whole  range  of  temperature.  In  particular,  the  ASR  of  the 
electrode  process  decreases  from  -0.12  Q  cm2  for  GBCO-Air-SC  to 
-0.04  Q  cm2  for  GBCO-Ar  at  650  °C.  These  values  are  significantly 
lower  than  those  previously  reported  for  GBCO  deposited  over  CGO 
electrolytes  [3,4].  The  experimental  analysis  of  oxygen  content  and 
electrode  performance  seems  to  indicate  that  the  higher  content  of 
oxygen  vacancies  of  the  sample  prepared  in  Ar  improves  the  elec¬ 
trochemical  reaction  at  the  interface.  This  is  consistent  with  an 
ionic-conduction-controlled  mechanism  as  it  has  been  previously 
suggested  [19  .  Note  that  the  electronic  conductivity  remains  high 
enough  along  the  studied  conditions  for  both  samples,  with  values 
of  ~  340  S  citT 1  and  ~  420  S  cm“ 1  at  650  °  C  for  GBCO-Ar  and  GBCO- 
Air-SC,  respectively. 

Therefore,  it  seems  that  the  preparation  conditions  have  a 
strong  influence  on  the  oxygen  content,  crystal  structure  and 
electrical  and  electrochemical  properties  of  GdBaCo20s+5. 

4.  Conclusions 

GdBaCo205+<5  shows  a  very  wide  range  of  oxygen  stoichiometry 
depending  on  preparation  conditions  and  thermal  treatments  of 
the  material.  The  crystal  structure  is  also  affected  by  the  oxygen 
content  of  the  compound.  In  this  sense,  layered-type  ordering  of 
the  Ba  and  Gd  atoms  and  location  of  the  anion  vacancies  within  the 
(GdO)x  planes  occur  with  no  dependence  on  the  <5  value  but 
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